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Edited by Varda RotterAbstract Cellular responses to DNA damage after hypoxia and
reoxygenation (H/R) were examined in human lymphocytes.
Cultured lymphocytes exposed to H/R showed a lower cytokine-
sis block proliferation index and a higher frequency of micronu-
clei in comparison to control cells. Western blots showed that H/
R exposure induced p53 expression; however, p21 and Bax
expression did not increase, indicating that H/R did not aﬀect
p53 transactivational activity. Phosphorylation of p53 (Ser15),
Chk1 (Ser345), and Chk2 (Thr68) was also observed, suggesting
that H/R activates p53 through checkpoint signals. In addition,
H/R exposure caused the phosphorylation and negative regula-
tion of Cdc2 and Cdc25C, proteins that are involved in cell-cycle
arrest at the G2/M checkpoint. The S-phase checkpoint, regu-
lated by the ATM-p95/NBS1–SMC1 pathway, was also trig-
gered in H/R-exposed lymphocytes. These results demonstrate
that H/R exposure triggers checkpoint signaling and induces
cell-cycle arrest in cultured human lymphocytes.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Reactive oxygen species (ROS) cause oxidative damage to
many cellular constituents, including amino acids, lipids, and
nucleic acids [1,2]. Following exposure to hypoxia and reoxy-
genation (H/R), the level of intracellular ROS increases [3,4].
ROS are mediators of acute cellular injury caused by hypoxia;
furthermore, reoxygenation after period of hypoxia dramati-
cally increases the overall level of cellular oxidants.
The tumor suppressor proteins Chk1 and Chk2 play impor-
tant roles in regulating the G2/M checkpoint in response to
DNA damage. Chk1 and Chk2 are closely related serine/threo-
nine protein kinases capable of phosphorylating a number of
proteins in response to DNA damage. Chk2 has been linked
to G2 cell-cycle arrest through its ability to inhibit Cdc25C
[5]. Without functional Cdc25C, Cdc2 remains phosphorylated*Corresponding author. Fax: +82 2 745 9104.
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doi:10.1016/j.febslet.2007.05.053and unable to form an active complex with cyclin B, resulting
in cell-cycle arrest in the G2 phase [6]. The role of the G2/M
checkpoint is to allow cells to repair DNA damage before
entering mitosis so that the number of DNA lesions passed
onto the daughter cells is minimized. Therefore, the G2/M
checkpoint plays a key role in the maintenance of chromo-
somal integrity [7].
Some checkpoint pathways in the eukaryotic cell depend on
ataxia telangiectasia mutated (ATM) kinase. ATM activation
delays cell-cycle progression and promotes the repair of
DNA damage. The ATM/ATR/CHK signaling pathways con-
tribute to cell-cycle arrest at the G2/M checkpoint [8]. In addi-
tion, Yazdi et al. [9] reported that the ATM/NBS1/SMC1
pathway is a separate branch of the S-phase checkpoint path-
way, distinct from the ATM/CHK2/CDC25A branch. It was
previously demonstrated that the hypoxia-mimic desferriox-
amine (DFX) could induce p53-dependent checkpoint signals
in cultured lymphocytes [10]. Our objective was to examine
the role of DNA damage-responsive proteins in the induction
of checkpoint pathways that might be involved in cell cycle
arrest during H/R.2. Materials and methods
2.1. Isolation of peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMC) were obtained from
consenting healthy adult donors and isolated by buoyant density cen-
trifugation using Ficoll-Paque medium (Amersham Biosciences, Upp-
sala, Sweden). The gradients were spun at 400 · g and the PBMC were
removed from the interface, washed twice, and re-suspended in RPMI-
1640 medium supplemented with 100 U/mL penicillin, 100 lg/mL
streptomycin, and 10% fetal bovine serum (FBS).
2.2. Cell culture under normoxic or hypoxic conditions and antioxidant
treatments
In the control experiments (normoxic conditions), cell cultures were
incubated at 37 C in a humidiﬁed atmosphere of 95% air and 5% CO2.
Hypoxic culture was carried out in an atmosphere of 95% N2 and 5%
CO2 in a controlled atmosphere incubator (Sheldon Corp., Cornelius,
OR). Selected cultures were reoxygenated by removing them from the
hypoxic incubator and immediately replacing the hypoxic medium
with normoxic medium.
Cells were treated with 5 mg/mL phytohemagglutinin (PHA; GIB-
CO) to induce mitosis in T-lymphocytes from the isolated PBMC.
Incubation under hypoxic or H/R conditions was initiated 24 h after
PHA treatment.
To assess the eﬀect of ROS generated by H/R exposure, the human
lymphocytes were pre-treated with an antioxidant, 1 mM N-acetylcys-
teine (NAC, Sigma–Aldrich), for 2 h before H/R exposure.blished by Elsevier B.V. All rights reserved.
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Human lymphocytes were cultured in the presence of PHA under H/
R conditions. After exposure to H/R, the medium was replaced with
normoxic medium. After 44 h of growth, cytochalasin-B (6 g/mL) was
added to block cytokinesis and the cultures were harvested after an addi-
tional 28 h. Micronuclei (MN) were prepared according to the method
described by Fenech [11]. Cells were dropped onto clean slides and air-
dried. These slides were stained with 5% Giemsa solution and then
observed under a light microscope. The cytokinesis block proliferationHypoxia (h) - 4
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Fig. 1. Cell growth inhibition and micronuclei (MN) formation in human lym
were exposed to hypoxia or H/R, and the levels of the HIF-1a and b subun
(CBPIs) in hypoxia- and H/R-exposed cells. CBPIs were determined aft
reoxygenation. Data are represented as the mean ± standard error of three in
control vs. H/R; (+) P < 0.05, H/R vs. H/R + NAC. (C) Frequencies of
determined by analyzing 1000 binucleated cells from each sample. The data sh
(*) P < 0.05, compared to the control; (+) P < 0.05, compared to NAC pre-index (CBPI) was calculated as follows: CBPI = MI + MII + 3(MIII +
MIV)/N, whereMI toMIV represent the number of cells with one to four
nuclei, respectively, and N is the total number of cells scored.2.4. Cell-cycle analysis
After 48 h of PHA stimulation, human lymphocytes were exposed to
H/R for the indicated times and the cell-cycle distribution was assayed
using a BD FACSCalibur ﬂow cytometer (Becton Dickinson, Franklin8 8 8    8
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y+NAC H/R H/R+NAC
+ 
5 5 5
10 15 15
- - +
phocytes after exposure to hypoxia and H/R. (A) Human lymphocytes
its were determined using Western blotting. (B) Proliferation indexes
er 20 h of hypoxia, and after 5 h of hypoxia followed by 15 h of
dependent experiments. (*) P < 0.05, control vs. hypoxia; (**) P < 0.05,
MN in hypoxia- and H/R-exposed cells. The MN frequencies were
own are the mean (±standard error) of three independent experiments.
treated cells.
B.-M. Kim et al. / FEBS Letters 581 (2007) 3005–3012 3007Lakes, NJ). After ﬁxation in 70% ethanol, the cells were washed with
phosphate-buﬀered saline (PBS) and stained with propidium iodide
(50 lg/mL; Sigma). Ten thousand cells were measured per sample,
and the analysis was performed using Cell Quest Pro software (Becton
Dickinson).
2.5. Western blotting
Western blotting was performed to assess the molecular response to
cellular damage. After exposure to H/R for the various times, lympho-
cyte lysates were prepared using RIPA buﬀer [50 mM Tris–HCl (pH
7.5), 50 mM NaCl, 1 mM EGTA, 1% Triton X-100, 50 mM NaF,
5 mM Na3VO4, 10 lg/mL aprotinin, 10 lg/mL leupeptin, 1 lg/mL
pepstatin A, 0.1 mM PMSF, and 1 mM DTT], and the soluble protein
concentrations were determined using the Bradford assay (Bio-Rad
Laboratories, Hercules, CA). Protein samples of 10 lg were separated
by SDS–PAGE and transferred onto a PVDF membrane (NEN, Per-
kin–Elmer, Wellesley, MA). The blots were blocked with 5% skim milk
in 0.1% TBS-Tween buﬀer (TBS-T) and then probed with primary
antibodies. The proteins were visualized with the appropriate horse-
radish peroxidase-conjugated secondary antibody. The images were
analyzed using the ECL or ECL-Plus chemiluminescence systemHypoxia   (h) - 4     8    
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Fig. 2. Activation of the p53-dependent damage-response pathway after h
cellular levels of p53, p21, and Bax. Cultured human lymphocytes were exp
regulated by H/R exposure, whereas the level of p53 target proteins p21 and B
H/R exposure, Chk1 and Chk2 were phosphorylated at Ser345 and Thr68, re
the Ser15 residue. Protein phosphorylation was calculated as the ratio of ph(Amersham Biosciences). The phosphoproteins and total proteins were
quantiﬁed densitometrically to calculate the ratios of phosphoproteins
to total proteins.
2.6. Statistical analysis
All experiments were repeated three times and the data were
expressed as the mean ± standard error. Diﬀerences between groups
were analyzed using Student’s t-test, and the level of signiﬁcance was
set at 0.05.3. Results
3.1. Eﬀect of hypoxia and H/R on cell proliferation and MN
formation in human lymphocytes
Hypoxia-inducible factors (HIF) 1a and 2a are key proteins
regulating the cellular response to hypoxia; the a subunit of
HIF-1 is stabilized by hypoxia but rapidly degraded by nor-
moxia [12,13]. To demonstrate the hypoxic condition in human  8    8     8
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Hypoxia stabilized HIF-1a protein levels in human lympho-
cytes, while reoxygenation following hypoxia decreased HIF-
1a protein levels as oxygen was supplied. HIF-1b protein chan-
ged very little with oxygen deprivation or supply (Fig. 1A).
Next, we examined the proliferation of human lymphocytes
after incubation under both hypoxic and H/R conditions
(Fig. 1B). Under both conditions, the cytokinesis block prolif-
eration index (CBPI) was signiﬁcantly decreased compared to
the control. In addition, pre-treatment with N-acetylcysteine
(NAC), a precursor of glutathione (GSH) and intracellular
ROS scavenger, prevented the decrease caused by hypoxia
and H/R exposure, and NAC-treated cells showed a CBPI sim-
ilar to that of control cells. The formation of micronuclei
(MN) was used as a biological index of genotoxicity caused
by hypoxia and H/R. We observed a time-dependent relation-
ship between the duration of hypoxic and H/R exposures and
the frequency of MN (Fig. 1C). However, pre-treatment with
NAC signiﬁcantly inhibited MN formation induced by H/R.
These results indicated that ROS generation contributed to
H/R-induced cell-cycle arrest and the formation of MN.
3.2. Expression of p53 in cells exposed to hypoxia and
reoxygenation
To identify the eﬀects of hypoxia and H/R on human lym-
phocytes, we examined the expression of the DNA damage
marker protein p53. The level of p53 was increased in cells
incubated under hypoxic conditions, but not in cells exposed
to normoxic conditions (Fig. 2A). Furthermore, when human
lymphocytes were exposed to H/R, the cells expressed even
higher levels of p53 than under hypoxic conditions. However,
H/R-induced p53 accumulation was not linked to the activa-
tion of p21 or Bax, indicating that H/R does not promote
the transactivational activity of p53.
3.3. Eﬀect of hypoxia and H/R on checkpoint signals
Based on the results described above, we examined whether
hypoxia and H/R stimulate the expression of DNA damage-re-97 kDa
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Fig. 3. Phosphorylation and inhibition of FKHRL1 and FKHR during H/R
times. The phosphorylation of FKHRL1 and FKHR increased signiﬁcantly
calculated as the ratio of phosphorylated to total proteins.lated proteins, including the checkpoint kinases Chk1 and
Chk2. Exposure to hypoxia and H/R resulted in increased
phosphorylation of Chk1 (at Ser345) and Chk2 (at Thr68),
as well as an increase in total protein levels (Fig. 2B). Because
these two checkpoint kinases act upstream of p53 in the DNA
damage-response, we assessed the phosphorylation status of
p53 and found clearly detectable increases in p53 protein phos-
phorylated at Ser15 (Fig. 2B). Taken together, these data show
that DNA damage caused by hypoxia and H/R induce the acti-
vation of p53-dependent checkpoint signals.
3.4. Eﬀect of hypoxia and H/R on p53-dependent
phosphorylation of FKHRL1 and FKHR
Forkhead transcription factor FKHRL1, like p53, is a
potent stress-response regulator. A recent study reported that
p53 inhibits FKHRL1 in response to DNA damage [14].
Therefore, we tested the eﬀect of hypoxia and H/R on the
phosphorylation of FKHRL1 and FKHR in human lympho-
cytes. We found that hypoxia and H/R both stimulated the
phosphorylation of FKHRL1 and FKHR at Thr32 and
Thr24, respectively (Fig. 3).
3.5. Regulation of the activity of G2/M cell-cycle proteins in
human lymphocytes
Exposure to hypoxia and H/R reduced the proliferation of
lymphocyte cells (Fig. 1A). To better understand the eﬀect of
hypoxia and H/R on the cell cycle, we analyzed the cell-cycle
distribution. Flow cytometric analysis indicated that 68–75%
of the control cells were in G1 phase, 18–26% were in S-phase,
and about 6.5% were in G2/M-phase of the cell cycle (Fig. 4A).
No appreciable changes in cell-cycle distribution were ob-
served in hypoxia-treated cells. However, with 3 h of reoxygen-
ation following 5 h hypoxia, the percentage of cells in G1
phase was reduced to between 48% and 53%, with correspond-
ing increases in S (30–38%) and G2/M (15.5–17%) phases.
With an increase in reoxygenation (6 h) time, the proportion
of G2/M arrest was increased further to about 27%, indicating
that reoxygenation following hypoxia induced G2/M cell-cyclephospho-FKHRL1 (Thr32)
phospho-FKHR (Thr24)
Tubulin
8
 8
6   24
FKHRL1
FKHR
2 .4   2.5
.1   1.0
. Cultured human lymphocytes were exposed to H/R for the indicated
after H/R exposure. FKHRL1/FKHR protein phosphorylation was
020
40
60
80
100
G1 S G2/M
%
 C
el
l c
yc
le
 d
ist
rib
ut
io
n
Control
Hypoxia
5Hy/3Re
5Hy/6Re
phospho-Cdc2 (Tyr15)34 kDa
36 kDa phospho-Cdc25C (Ser216)
Tubulin50 kDa
Hypoxia (h) - 4    8  8  8     8
 
   
Reoxygenation (h) - - - 8    16   24  
Cdc2
Cdc25C
34 kDa
36 kDa
Arbitrary units     0.1   0.1   0.2   0.2   0.7   2.1
(phospho/total)
Arbitrary units    0.1   0.4  0.4   0.5   2.0  2.2
(phospho/total)
Fig. 4. Analysis of cell-cycle distribution after hypoxia and reoxygenation (H/R). (A) Distribution of cells in the G1, S, and G2/M phases of the cell
cycle. Cultured human lymphocytes exposed to H/R showed an accumulation of cells arrested in the G2/M-phase of the cell cycle, with a concomitant
decrease in the proportion of those in the G1 phase. (*) P < 0.05, compared to the control. (B) Inhibition of Cdc2 and Cdc25C by H/R exposure.
Human lymphocytes were exposed to H/R for the indicated times. Following H/R exposure, phosphorylation of Cdc2 at Tyr-15 and Cdc25C at Ser-
216 was increased. Protein phosphorylation was calculated as the ratio of phosphorylated to total protein.
B.-M. Kim et al. / FEBS Letters 581 (2007) 3005–3012 3009arrest (Fig. 4A). To elucidate the underlying mechanism of this
eﬀect, we analyzed the phosphorylation of G2/M cell cycle-
related proteins, including Cdc2 and Cdc25C. The exposure of
human lymphocytes to hypoxia and H/R resulted in the
phosphorylation of Cdc2 and Cdc25C. Since Cdc2 and Cdc25C
are maintained in an inactive form by phosphorylation on the
Tyr15 and Ser216 residues, respectively, it is possible that cell-
cycle arrest was caused by the inactivation of these proteins.
3.6. Involvement of the ATM-p95/NBS1–SMC1 pathway in
human lymphocytes after exposure to hypoxia and H/R
Recently, Kitagawa et al. [15] reported that the phosphoryl-
ation of SMC1 is a critical downstream event in the ATM-p95/
NBS1–BRCA1 pathway, which controls the S-phase check-
point. Because SMC1 was phosphorylated after exposure to
hypoxia and H/R in our system, we investigated whether hy-poxia and H/R could trigger the ATM-p95/NBS1–SMC1 path-
way in human lymphocytes. When human lymphocytes were
exposed to hypoxia and H/R, the phosphorylation of ATM,
p95/NBS1, and SMC1 increased in a time-dependent manner
(Fig. 5). These results suggest that hypoxia and H/R aﬀect
the S-phase checkpoint, as well as the G2/M checkpoint as de-
scribed above.4. Discussion
Recently, we reported that desferrioxamine is able to mimic
hypoxia and trigger p53-dependent DNA-damage checkpoints
in human lymphocytes [10]. These results prompted us to
examine the mechanism by which hypoxia and reoxygenation
cause cytotoxicity in human lymphocytes.
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Fig. 5. Activation of the ATM-p95/NBS1–SMC1 signaling pathway after hypoxia and reoxygenation (H/R). Cultured human lymphocytes were
exposed to H/R for the indicated times. Proteins involved in the ATM signaling pathway, including NBS1 and SMC1, were signiﬁcantly
phosphorylated by H/R exposure. Protein phosphorylation was calculated as the ratio of phosphorylated to total protein.
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R) increases the production of ROS [3,4]. ROS production in-
duced by H/R not only leads to various toxic cellular eﬀects
such as DNA breakage, but also causes cell-cycle arrest and
apoptosis [4,16–18]. Our results showed that H/R-treated cells
had a decreased CBPI and an increased frequency of micro-
nuclei (MN). In contrast, cells that were pre-treated with
NAC before H/R exposure showed no change in CBPI or
MN frequency compared to control cells, indicating that
ROS generation contributed to cell-cycle arrest and the forma-
tion of MN.
To better understand the cellular response to DNA damage
after H/R exposure, we used immunoblotting to monitor
changes in the levels of proteins involved in the damage-re-
sponse pathway. We measured the expression of p53, a protein
that is involved in key responses to genotoxic stress. Previous
studies have indicated that HIF-1a induces p53 accumulation
via Mdm2 down-regulation during hypoxia [19,20], and once
p53 becomes activated under hypoxic conditions, it contributes
to terminating the HIF-1 responses [21]. We observed
increased expression of p53 protein in lymphocytes exposed
to H/R, as well as to hypoxia alone. However, p53 expression
was not associated with the up-regulation of p21 or Bax, sug-
gesting that H/R exposure does not stimulate the transactiva-
tional activity of p53.
In mammalian cells, Chk1 and Chk2 are two important ser-
ine/threonine kinases involved in arresting the cell cycle after
DNA damage [22,23]. These two checkpoint kinases act up-
stream of p53 and are involved in the stabilization of p53
[24]. We observed that H/R exposure caused the phosphoryl-
ation and activation Chk1 and Chk2, and subsequently in-creased the levels of p53 phosphorylated at Ser15. DNA
damage-induced activation of p53 by checkpoint signals may
be necessary to maintain the integrity of the genome and pre-
vent the replication of damaged DNA during H/R exposure.
In addition, the FOXO family members FKHRL1 and FKHR
were phosphorylated and inactivated after H/R exposure.
These results agree with those of You et al. [14], which also
indicated that DNA damage induces p53-dependent inhibition
of FKHRL1. Phosphorylation of forkhead FKHRL1 and
FKHR results in the retention of the protein in the cytosol
and a subsequent reduction in forkhead transcriptional activity
[25,26]. Since p53 and FKHRL1 have downstream target genes
in common [27], it is conceivable that some sort of cross talk
occurs between these two proteins.
It is widely accepted that the activation of checkpoints in re-
sponse to DNA damage leads to cell-cycle arrest. We used the
CBPI assay to show that H/R exposure induces cell-cycle ar-
rest. Flow cytometry and Western blots indicated that H/R
exposure induced cell-cycle arrest at the G2/M checkpoint. A
key regulator of the cell cycle at this checkpoint is Cdc2 kinase
[28]. Cdc25C phosphatase and Wee1 kinase are responsible for
the dephosphorylation and phosphorylation of Cdc2, respec-
tively; the dephosphorylated form of Cdc2 is active and regu-
lates entry into the M phase [29]. Cdc25C is phosphorylated at
Ser216 by Chk1 and Chk2 [30]. Cdc25C is then exported out of
the nucleus and sequestered in the cytoplasm by one of the 14-
3-3 proteins [31]. This leads to G2/M arrest due to the inhibi-
tion of the ability of Cdc25C to activate CyclinB1/Cdc2. G2/M
arrest induced by H/R exposure in human lymphocytes was
associated with the phosphorylation of Cdc2 and Cdc25C at
Tyr15 and Ser216, respectively. Moreover, the expression of
B.-M. Kim et al. / FEBS Letters 581 (2007) 3005–3012 3011Wee1 kinase was increased by H/R exposure, conﬁrming G2/
M cell-cycle arrest (data not shown).
Our data also showed that H/R exposure in human lympho-
cytes caused the phosphorylation of SMC1 protein. The struc-
tural maintenance of chromosomes (SMC) family of proteins
plays important roles in various nuclear events that require
structural changes in chromosomes, including mitotic chromo-
some organization and DNA recombination and repair [32].
Recent studies have reported that the phosphorylation of
SMC1 is a critical downstream event in the ATM-p95/
NBS1–BRCA1 pathway, which is a signaling pathway control-
ling the S-phase checkpoint [9,15]. Given that the ATM-
NBS1–SMC1 pathway was activated in our system, the cellu-
lar stress caused by H/R exposure might also aﬀect S-phase
cell-cycle signaling. This may be due to overlapping functions
between damage checkpoint proteins.
Previously, Conforti et al. reported the inhibition of lympho-
cyte proliferation during hypoxia [33]. Goda et al. also re-
ported that hypoxia induced growth arrest in a p53-
independent fashion [34]. We also studied the role of p53 in
H/R-induced cell-cycle arrest by examining the eﬀect of piﬁth-
rin-a, a p53 inhibitor, on the cell-cycle distribution. Treatment
with piﬁthrin-a did not aﬀect the cell cycle distribution or cell
proliferation, indicating that H/R-induced growth arrest is not
p53-dependent (data not shown).
We conclude that H/R exposure causes cell-cycle arrest and
micronuclei formation and that the checkpoint pathway is acti-
vated following exposure. We demonstrated that p21 and Bax
are not induced by p53 stabilization after H/R treatment. In
addition, the activation of checkpoint kinases induces the
phosphorylation of Cdc25C and Cdc2, resulting in G2/M ar-
rest. Finally, H/R exposure can also trigger the S-phase check-
point via the newly identiﬁed ATM-p95/NBS1–SMC1
pathway.
It is well-known that acute reoxygenation after hypoxia
might produce extensive oxidative damage, like ROS, through
the same mechanisms that produce ischemia-reperfusion injury
(IRI) and asphyxia-reventilation injury [35]. Since signiﬁcant
damage was actually seen following reoxygenation after hy-
poxia, and not just with hypoxia in our experiments, our ﬁnd-
ings have important implications for understanding the
mechanisms that lead to cellular damage following such tissue
injuries in human lymphocytes.
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